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A closedform analytical technique has been developed to screen orbital average
heating variations as a function of beta angle, altitude, surface area, and surface
optical properties. Using planetary view factor equations for surfaces parallel-to and
normal-to the local vertical, a cylindrical umbral shadow approximation, and a
simplified albedo flux model, heating rate equations ar e formulated and then integrated
to obtain orbital average heating. The results are compared to detailed analytical
predictionsusing Monte Carlo integration and an assessment of error is presented.

Nomenclature

= flat plate surface area

= abedo factor

= solar absorptivity

= betaangle

= infrared emissvity

= circular orbit dtitude above planet surface
= hedting rate

OpLaNeT = planetary infrared flux

AsoL AR = lar flux

= planet radius

= gpacecraft radius vector

= solar unit vector

= orbit angle measured from orbit noon
F = view factor to planet surface
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Sub- and Superscripts

AVG = orbital average

Z = zenith (gpace) facing surface

N = nadir (planet) facing surface

F = forward (velocity vector) facing surface
A = aft facing surface



P = port facing surface

S = darboard facing surface

I = surface normd parale to the locd vertica

N = surface normd perpendicular to the locd verticad
Introduction

Characterization of the on-orbit therma environment involves orbita parameters such as dtitude
and beta angle, environmental congtants (solar, abedo, and planetary infrared congtants), and
spacecraft surface optical properties (@ ande). Environmental heeting caculations assessng
the variation in one or more of these parameters has been relegated to the use of main frame
computer andyss codes such as the Thema Radiation Andyzer System (TRASYS) or
Thermd Synthesizer System (TSS). Rickman and Ortiz (Reference 1) developed the Thermd
Interactive Mission Evauation System, which dlowed for rgpid caculation of smplified on-orbit
thermd environments and parametric analyses. Such programs served as screening tools and
their use demondrated a sgnificant reduction in the number of more detailed anayses that
would have been required had the screening tool not been available.

A ussful screening calculation is presented in this work and is being expressed as a closed-form
solution given some congraining assumptions. Nevertheess, the described method alows for
caculaion of detalled environmental hesting profiles as a function of orbit angle in addition to
integrated orbital average heating rates for individua flux components.

Assumptions

This method described here is gpplicable given the following assumptions:
a the central body has a congtant infrared flux emisson over its entire surface;
b. the albedo factor, a, isassumed congtant over the entire planetary surface;

C. the spacecraft is orbiting at alow dtitude (i.e, h <<r,) andinadcircular orbit;

d. the overd| spacecraft time congtant is on the order of the orbit period;

e the spacecraft is oriented in a fixed loca-vertica loca-horizontd attitude with surfaces
facing in the principa directions as discussed below.

Assumption (a) is required to smplify the integration of the planetary heating flux and is
goplicable for Earth-orbiting spacecraft.



For assumption (b), while the abedo factor is congtant, the abedo flux varies as the cosine of
the orbit angle for the day-lit portion of the orbit.

Assumption (€) condrains the andysis to low dtitudes in order to dlow the smplifying
assumptions of a cylindricd umbrd shadow, localy congtant dbedo heeting flux, and smplified
view factor caculations. These concepts will be developed in greeter detail below.

Assumption (d) vdidates the use of orbit average heating as a screening tool, however, the
expressons established for hedting as a function of orbit angle are useful for screening
ingtantaneous heating to surfaces.

Assumption (€) greatly smplifies the view factor andyss since only two types of planetary view
factors need be caculated. This assumption, however, limits the gpplicability of this technique
to surfaces facing in the principd directions (i.e, forward-, &ft-, starboard-, port-, zenith and
nadir-facng surfaces).

General Expressions
Congder a spacecraft in alow atitude, circular orbit about a planet as presented in Fig. 1. Due

to precession of the orbit plane and the planet’s motion about the sun, the angle, b, between the
solar vector, S, and its projection onto the orhit plane will vary as afunction of time.

Fig. 1 Problem geometry and b definition.

As b varies, 0 too will the fraction of the orbit in which the spacecraft spends in the planet’s
umbra shadow. At Earth's distance from the sun, the umbral shadow cone stretches over



800,000 miles into space. Hence, the shadow cone is nearly cylindrical in shape close to Earth
and deviates by only about 0.26° from the assumed cylindrica shadow. With this smplification,
an expresson relaing the terminator entry and exit angles, gentry and Qexit, respectively, with
b iseadly obtained. This smplifying assumption does not provide for the trangtion through the
penumbra. At low dtitudes, however, this does not pose a problem as the time spent in the
penumbrais measured in seconds compared to an orbit period on the order of 1.5 hours.

As depicted in Fig. 2, the position of the spacecraft, r, can be expressed as a function of the
dtitude above the planet, h, the radius of the planet, r., the angle from orbit noon, g, and b:

F = (r, +h)cosq cosbi +(r, +h)snq j +(r, +h)cosq sin bk 1)
The projection of this vector onto the Y, Z,-planeis.
F¢=(r, +h)sing j +(r, +h)cosq sin bk )

And the magnitude of the projection issmply:

|F¢=(r, +h)}/sn?q +cos?qsin® b (3)
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Examination of the geometry reveds that the onset of the umbra shadowing occurs when the
magnitude of F ¢ islessthan re, or:
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Since dn g is defined between-p/2 and +p/2, we note that gentry = P-q and Qexit = P+Q.

The hedting incident on an orbiting flat plate varies as a function of the orbit angle, g, and is
given by:

domac @) = Q&A% (@) + QtaEsola )+ QAtAE: () ©)

For six plates, arranged as shown in Fig. 2, the totd absorbed heating as a function of q is
given by:

Q.TOTAL (q) = é. Q‘QOLAR(q ) + é. Q.?LBEDO(q )+ é. Q.I;nLANET (q ) (6)

m=Z,N,F,AP,S m=Z,N,F,AP,S m=Z,N,F,AP,S

where the superscripts Z, N, F, A, P, and S refer to the zenith-, nadir-, forward-, &ft-, port-,
and starboard-facing plates, respectively.

View factor calculations are required in order to determine the amount of planetary infrared and
abedo fluxes impinging on the anaytica surfaces. Reference 2 provides a thorough discusson
of planetary- and albedo-radiation view factor caculations for a planet-oriented and arbitrarily-
oriented flat panel. However, the treatment presented herein is restricted to surfaces oriented
normal-to or parallel-to the nadir direction with the further redtriction that h <<r.. Reference 3
provides the generd derivation of the planetary view factor for aflat plate surface and has been
adapted, here, for the specia cases of plates whose surface normals are paralle- (nadir-facing)
to and perpendicular-(forward-, aft-, port-, and starboard-facing) to the loca verticd vector,

respectively:

VF), =g e 2 @

e thy

(8)

Note, ds0, that since the zenith facing surface cannot view the planet:

(VF )ZENITH = O (9)



Solar Heating

The orbital average absorbed solar heating is obtained by direct integration of the instantaneous
solar hesting equations over the applicable angles and dividing by the angular span of an entire

orbit (2p). For orbitsthat passinto the planet’s umbra shadow, i.e., when:
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theintegrds are:
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and for orbits that experience no eclipse, the limits of integration gentry @d gexit given above

may be replaced by +p and -p, respectively.

A Simplified Albedo M odel

A true dbedo modd would account for variations in the albedo congtant as a function of solar
incidence angle as wdl as vaiations in the view factor to a surface with varying flux intengty.



The effect of the latter of these two factors is most evident near the ground terminators where
the dope of the cosine reduction in solar flux on the planet’s surface is greatest. For low dtitude
orbits, however, it is assumed that only asmal portion of the planet is visble to the plate surface
and that any locd variaion in abedo flux intengty issmdl. Asan example, a 220 nm dtitude,
the distance to the horizon is gpproximately 1200 nm. At ab of p/2 (i.e., 90°), the spacecraft
is orbiting dong the ground terminator with a view subtending 0.35 radians in dl directions.
Assuming a pure cosine reduction in the abedo flux, the maximum intensity of the albedo flux, at
the extent of the view, & gpproximately 34% of that at the sub solar point. Since haf of the
plate is viewing a darkened planet, an upper limit of about half that vaue, or 17%, of the sub
solar abedo flux is assumed in the worst case. Since the visible portion of the planet’s surface
is not uniformly lit (with the abedo flux going to zero a the ground terminator) a more redistic
estimate of the albedo error in this extreme case is closer to 10%. It should be noted that
andyses performed at lower values of b will exhibit less error ance little time is Spent at or near
the ground terminators. At the sub solar point, the variation over the fraction of the vishle
illuminated surface is, & mogt, about 6%.

With the inherent eror in hand, then, the amplified orbitd average dbedo heating can be
expressed as the sum of the integrals over the illuminated portion of the orbit (-p/2 < q < +p/2)
divided by angular span of the entire orbit (2p):

(QALBEDO)iVG =0 (19)
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Planetary Infrared Heating

The planetary infrared heeting is easly cdculated due to the assumption of uniform flux emisson
over the atire planet. Due to the congtant planetary infrared heating assumption, the orbita
average planetary infrared heating is not afunction of g and isgiven by:
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Results

The equations presented in the sections above are integrated and the results are presented on a
component-by-component bas's.

For the solar heating where an eclipse occurs:
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And for the condition when no eclipse occurs, the integra for the zenith surface remains the
same and the other surfaces become:
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For the abedo hesting:
. z
(QALBEDO)AVG =0 (46)
N
(QALBEDO)AVG Q__QSOLARaa n Ay g : cosb (47)
ep o hg
20 2 ® 2 000
: F o_elo aer er, 07 LG abl @r 0+
(QALBEDO)AVG gzpz_q@LARaaFAzg) 2sin?! é r +h2, 5 sin¢2sin 1§ 1- gr9+h$ i’iL:JCOSb (48)
8 g & o]
{e 20 @& @ 2 oAU
(QALBEDO )2ve 832;-2_%LARaa AAAéO 2sin? \ g%g :' 5‘”823'“'19 1 g r_ihg ;HCOSb (49)
€ § g5 & (g eT e
é Ee ®r 029 ée ® 1 (jz
(QALBEDO)F;VG (? Z_qSDLARaaPAPéo 2sin”? ——% .- sing2sin i 1 T _:l’JCOSb (50)
we g b SR -



é 20 ® &
(QALBEDO)iVG ?;eajz oL ar 88 SASéo 2sn 19\1 gr ihg ; sinéZsin'lg 1- gﬁ— gcosb (51)
¢ g o, & &l Sethog
And, findly, for the planetary infrared heating:
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In order to test the method, a sample case was developed and compared to detailled Monte
Carlo-predicted hegting rates caculated usng the Thermd Syntheszer System Hesdtrate
goplication (Reference 4). The smple geometry of a unit box (1 ft x 1 ft x 1 ft) with optica

properties for al box sdes set to a=1 and e=1 was selected s0 as not to improperly bias the
results away from a given viewing direction and heating component with smadler inherent error.
The box was assumed to orbit the Earth at an dtitude of 220 nm inclined 67° with respect to
the equator and would experience the entire range of possible b angles. The solar flux, abedo
factor, and planetary infrared flux were assumed to be 443.7 Btu/hr ft?, 0.3, and 77.0 Btu/hr ft?,
respectively; dl wel within the accepted ranges (Reference 5). Detalled Monte Carlo andyses
were performed for a range of b using 10,000 rays per surface for each heating component. A
comparison of the orbital average heating resulting from both methods is presented in Fig. 3 with
error presented in Table 1.
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Fig. 3 Comparison of smplified screening technique and detailed Monte Carlo
predicted average heating for an orbiting box at 220 nm altitude.

Beta (deg) Closed-Form Detailed Solution|% Error [ 100 x (Detailed -
Solution (Btu/hr) (Btu/hr) Closed)/Detailed ]

-90 600.1 607.4 12
-80 706.4 707.8 0.2
-71 787.9 788.6 0.1
-70 784.2 786.5 0.3
-60 691.9 692.3 0.1
-40 682.8 682.6 0.0
-20 653.9 654.2 0.1

0 h81.7 5819 00

20 6539 6542 01

40 682 .8 6826 00

60 691.9 6923 01

70 7842 7865 03

71 787.9 7886 01

80 706.4 7078 02

90 600.1 607.4 1.2

Tablel Tabular resultsand a comparison of the detailed and
closed-form solution error.

Examination of the results indicates that the smplified method produces exceptiondly good
results when compared with the detailed predictions. Errors on the order of 1% are observed
a b = 90° with much lower error a lower vaues of b. These erors are well within the
datistica error observed in the detailed Monte Carlo andysis results.
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Potential Applications

The method appears to be well suited for screening where approximate solutions will suffice.
Edtablishing the worst-case hot and cold orbits prior to a more detalled andyss has the
potentia to dgnificantly reduce the magnitude of the overdl thema andyss cycde |If
implemented in spreadsheet form, engineers can rapidly investigate the effects of optica
property degradation, atitude and betaangle variations. Expressonsfor heating as afunction of
orbit angle are ussful for sudies of ingtantaneous orbit hegting. Such an dgorithm may adso have
gpplication as a screening toadl in alarger andys's system and would promote the development
of an “intdligent sysem” to pre-select anadysis cases.

Concluding Remarks

A smplified, dosed-form method for screening orbita heating variations as a function of b,
dtitude, surface area, and optical properties has been developed and compared to detalled
andyticd predictions. The method is easily implemented in computerized spreadsheet programs
and provides a rgpid assessment of orbitd heating trends, identifies maximum axd minimum
overdl heating conditions, and alows exploration of the sengitivity of the spacecraft absorbed
heating characterigtics through variation of desgn parameters such as optica properties and
aess. Implementation of this method may prove useful as a screening tool for spacecraft
thermd engineers prior to theinitiation of detailed orbital hesting andyses.
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